Histone acetylation has been implicated with the pathogenesis of neuropsychiatric disorders and targeting histone deacetylases (HDACs) using HDAC inhibitors was shown to be neuroprotective and to initiate neuroregenerative processes. However, little is known about the role of individual HDAC proteins during the pathogenesis of brain diseases. HDAC1 was found to be upregulated in patients suffering from neuropsychiatric diseases. Here, we show that virus-mediated overexpression of neuronal HDAC1 in the adult mouse hippocampus specifically affects the extinction of contextual fear memories, while other cognitive abilities were unaffected. In subsequent experiments we show that under physiological conditions, hippocampal HDAC1 is required for extinction learning via a mechanism that involves H3K9 deacetylation and subsequent trimethylation of target genes. In conclusion, our data show that hippocampal HDAC1 has a specific role in memory function.
Introduction
The acetylation of histone proteins is an important epigenetic mechanism that regulates gene expression and contributes to proper genome-environment interactions . In the majority of cases, high levels of histone acetylation are associated with an active chromatin state that allows transcription, while deacetylated histone proteins are linked to inactive chromatin and gene silencing. Recent studies have demonstrated that neuronal histone acetylation is dynamically regulated in response to environmental stimuli that initiate memory formation (Levenson et al., 2004; Fontán-Lozano et al., 2008; Bousiges et al., 2010; Peleg et al., 2010) . Moreover, deregulated histone acetylation has been implicated in various neuropsychiatric diseases such as Morbus Alzheimer, Huntington's disease, or schizophrenia (Sananbenesi and Fischer, 2009 ). Histone acetylation is regulated via the counteracting activity of histone acetyltransferases and histone deacetylases (HDACs) that add and remove acetyl groups from specific lysine residues within the N terminus of histone proteins (Kimura et al., 2005) .
Targeting histone acetylation via the use of HDAC inhibitors was shown to have neuroprotective and neuroregenerative actions in animal models for neurodegenerative and neuropsychiatric diseases . However, relatively little is known about the mechanisms that lead to altered histone acetylation during disease progression. Among the 11 HDAC proteins encoded in the mammalian genome, several studies have reported altered levels of HDAC1 during the pathogenesis of brain diseases. For example, Hdac1 expression is upregulated in neurons under hypoxia conditions (Wang et al., 2011) , and elevated levels of Hdac1 have been observed in postmortem brain samples from schizophrenia patients (Benes et al., 2007; Sharma et al., 2008) . Increased Hdac1 expression was also observed in a mouse model for Huntington's disease (Quinti et al., 2010) . However, mice that lack or overexpress neuronal HDAC1 from early developmental stages are viable and display normal memory function (Guan et al., 2009) .
Thus, we hypothesized that an acute overexpression of HDAC1 in the adult brain may help to better understand the role of elevated HDAC1 expression in brain diseases. To this end, we developed a virus-mediated approach to overexpress neuronal HDAC1 in the adult hippocampus, a brain region affected during the pathogenesis of neuropsychiatric diseases. Explorative and depressive-like behavior, spatial and associative long-term memory formation, as well as working memory function were unaffected by elevated HDAC1 levels. However, we found that HDAC1 specifically regulates the extinction of contextual fear memories. Through a combination of behavioral and molecular experiments, we show that under physiological conditions hippocampal HDAC1 regulates extinction learning via a mechanism that involves H3K9 deacetylation and subsequent trimethylation of target genes. In conclusion, our data show that hippocampal HDAC1 activity regulates the extinction of contextual fear memories and might be implicated in the pathogenesis of anxiety diseases.
Materials and Methods
Animals. Three-month-old adult male C57BL/6 wild-type mice were housed under standard conditions with ad libitum access to food and water. All experiments were performed in accordance with the animal protection law and were approved by the District Government of Germany.
Contextual fear extinction. Behavior testing was performed as described previously using TSE Systems apparatuses. In brief, fear conditioning was performed with a computerized fear conditioning system (TSE Systems) using a computer connected to a control unit containing a shock and a tone generator. Animals were allowed to explore the training cage for 3 min followed by a mild electric shock (2 s, 0.7 mA). Context-dependent freezing, defined as the absence of movements other than those required for breathing, was assessed 24 h later. Extinction of contextual fear was performed on consecutive days, consisting of reexposure to the training context in a non-reinforced manner for 3 min. In all experiments this extinction training protocol led to a significant reduction of freezing behavior. However, as described previously, the dynamics of fear extinction can vary among experiments Agis-oa et al., 2011) and, thus, treatment groups should only be compared with the given control group.
Open field. Explorative behavior was analyzed using the open field test. Mice were placed in the center of an open arena (length 1 m; width 1 m; side walls 20 cm height) for 5 min and explorative behavior was recorded by a camera and analyzed using the VideoMot2 software (TSE Systems). Total distance traveled and the relative time spent in the center of the arena was quantified.
Novel object recognition test. The novel object recognition test was conducted in an open field arena (length 1 m; width 1 m; side walls 20 cm height). During the habituation period, mice were allowed to explore the empty arena for 5 min on three consecutive days. Twenty-four hours after habituation, mice were exposed to the familiar arena with two identical objects placed at an equal distance (18 cm from the sidewalls) for 5 min for an additional 2 d. Twenty-four hours after habituation to the two identical objects, mice were allowed to explore the open field in the presence of two new identical objects for 5 min followed by a retention period in the home cage for 5 min. Meanwhile, one of the objects was replaced with a new object, and working memory was assessed by exposing the mice to this situation for 5 min by recording time spent exploring the new and old object using VideoMot2 software (TSE Systems). After 24 h, the new object was replaced again by another new object to test long-term memory.
Cross-maze exploration test. The Cross-maze exploration test was performed to assess spatial working memory using a protocol previously described (Jawhar et al., 2012) . Spontaneous alternation rates were revealed using a cross-maze made of black plastic material consisting of four arms arranged in a 90°C position (arm sizes: 30 cm length, 8 cm width, and 15 cm height) rising from a central place measuring 8 ϫ 8 cm. One test session consisted of 10 min in which the mice were placed in the center and allowed to explore freely each arm of the cross-maze. Arm entries were recorded using a camera and VideoMot2 software (TSE Systems). Percentage of alternation was used as readout for memory strength, defining successive entries into the four arms in overlapping quadruple sets (e.g., 1, 3, 2, 4 or 2, 3, 4, 1 but not 1, 2, 3, 1). The alternation percentage was calculated as the percentage of actual alternations to the possible number of arm entries.
Prepulse inhibition of acoustic startle response. Startle reactivity was measured using an apparatus from TSA GmbH according to a previously described protocol (Radyushkin et al., 2009) . In short, mice were placed individually in a small cylindrical cage with an integrated stainless floor grid (80 ϫ 40 ϫ 45 cm) to restrict major movements and placed on a sensitive transducer platform in a sound-attenuating cabinet. Acoustic stimuli were delivered through loudspeakers above the cage and startle response signals sampled by the software running on a PC. One testing session consisted of a 3 min habituation phase to 65 dB background noise followed by a 2 min baseline recording. After baseline recording, mice were exposed to six pulse-alone trials with startle stimuli of 120 dB intensity and 40 ms duration to decrease the influence of within-session habituation and to scale down the initial startle response to a stable plateau [data not included in analysis of prepulse inhibition (PPI)]. Startle reaction to an acoustic stimuli was recorded beginning with the startle stimuli for a time window of 100 ms and stored for further analysis. For PPI of startle reactivity, startle stimuli of 120 dB for 40 ms were applied either alone or preceded with a non-startling stimulus of 5, 10, or 15 dB over the 65 dB background noise (70 dB, 75 dB, 80 dB). Between each prepulse and pulse-alone stimulus, an interval of 100 ms with background noise was used. Each trial (startle pulse alone, pulse preceded by 70, 75, or 80 dB, or no stimulus) was presented in a pseudorandom order with intertrial intervals ranging from 8 to 22 s. The amplitude of the startle response (expressed in arbitrary units) was defined as the maximum force (Max G) detected during a reaction to a 120 dB acoustic stimulus during the recording window. Maximum amplitudes were averaged for each mouse separately for all types of trials (i.e., stimulus alone or stimulus preceded by a prepulse). Prepulse inhibition (expressed as percentage) was calculated as the percentage of the startle response using the following formula: Prepulse inhibition (%) ϭ 100 Ϫ [(startle amplitude after prepulse and pulse)/(startle amplitude after pulse only)°Ϫ 100].
Porsolt forced swim test. Porsolt forced swim test is a well characterized paradigm to analyze depression-like behavior in rodents and was performed as described previously (Kuczera et al., 2011) . Briefly, mice were placed in a vertical plastic cylinder (diameter 20 cm) filled with room temperature water, and immobility was measured for 5 min with a stop-watch.
Morris water maze. The Morris water maze training was performed in a circular tank (diameter 1.2 m) and a platform hidden below the surface of opaque water. The swimming path of mice was recorded using a video camera and analyzed by the VideoMot2 software (TSE Systems). Each mouse was subjected to one session per day consisting of four trials in which the mouse was put into the water maze subsequently from a different location represented by different spatial cues. If the mouse failed to reach the hidden platform within 60 s, it was gently guided to it. Mice were allowed to remain on the platform for 15 s. Twenty-four hours after the last training session, mice were subjected to one memory test (probe trial) in which the platform was removed and each mouse was left in the maze for 1 min. The relative time spent in the quadrant where the platform was previously located and the number of crosses through the region outlining the former location of the platform were used as a readout for the memory strength.
Rotarod test. The Rotarod test was performed to test motor function using the Rota Rod V4.02 System (TSE Systems). After four habituation sessions (10 rpm constant), each mouse was exposed to four testing sessions (5-40 rpm uniform acceleration for 4 min, 40 rpm constant for 1 min) on two consecutive days on the rotating rod. Performance was measured by the length of time each mouse spent on the rod.
Cannulation and bilateral hippocampal injections. For pharmacological intervention, microcannulae were inserted into the dorsal hippocampus as previously described (Peleg et al., 2010) . In brief, bilateral microcannulae were inserted into the hippocampus: anteroposterior Ϫ1.70 mm relative to bregma, lateral Ϯ1 mm, dorsoventral 2 mm from skull. MS-275 (pyridin-3-ylmethyl 4-(2-aminophenylcarbamoyl)benzylcarbamate; Calbiochem), an HDAC inhibitor that inhibits HDAC1 at the nanomolar range but has a 100-fold lower EC 50 toward HDAC2/HDAC3 and no activity toward the other HDACs (Hu et al., 2003; Khan et al., 2008) , was prepared as a 10 mg/ml stock solution in DMSO. For intrahippocampal injections, MS-275 was diluted to a concentration of 750 ng/l in artificial CSF and injected bilaterally into the hippocampus (0.5 l, 0.5 l/min). As such, the total amount of MS-275 injected in the brain was 375 ng/hemisphere. Based on previous work, we assumed a dilution factor of 100-fold upon hippocampal injection . In this case the final concentration of MS-275 in the hippocampus (hippocampal volume is ϳ28 mm 2 ) (Peirce et al., 2003) would be 0.3 ng/mm 2 , which is well in range to allow specific inhibition of HDAC1. For the injection of virus particles (1.0 ϫ 10 8 transducing units), surgery was prepared as described above. For the HDAC1 knockdown experiment with siRNA, siSTABLE Control siRNA from Thermo Scientific Dharmacon targeted against HDAC1 was diluted in PBS and prepared with the HiPerfect transfection reagent from Qiagen to a final concentration of 500 M according to a protocol previously described . siSTABLE Non-targeting siRNA was used as a negative control (scramble).
Immunoblot analysis and immunohistochemistry. For crude lysates, brain tissue was homogenized in TX buffer (50 mM Tris, 150 mM NaCl, 2 M EDTA, 1% Triton-X and protease inhibitors) incubated for 15 min at 4°C, and centrifuged for 10 min (10,000 rpm). The supernatant was used for immunoblotting. For analyzing protein levels in AAV-GFP and AAV-HDAC-GFP mice, proteins were isolated using TRI reagent according to the manufacturer's instructions (Sigma-Aldrich). Immunoblots were performed using fluorescent secondary antibodies and data were quantified using an Odyssey Imager (LI-COR). Antibodies were diluted either in 0.5% milk PBT or 0.5% milk TBT, respectively. Subcellular fractionation was performed using the ProteoExtract Subcellular Proteome Extraction Kit (Calbiochem). Immunostaining was performed as described previously (Fischer et al., 2004; Sananbenesi et al., 2007) and analyzed using a Leica SP2 confocal microscope. The following antibodies were commercially purchased and used in the mentioned concentrations: GAPDH, 1:5000, Millipore Bioscience Research Reagents; Synaptophysin (Svp38) 1:1000, Sigma-Aldrich; NeuN 1:1000, Millipore Bioscience Research Reagents; Cy3-labeled antibody (goat anti-rabbit 1:500; Jackson ImmunoResearch); Alexa Fluor 488-labeled antibody (donkey anti-mouse 1:500; Invitrogen).
Chromatin immunoprecipitation. For chromatin immunoprecipitation (ChIP) the DNA-shearing Kit and OneDay ChIP Kit protocol from Diagenode was used according to the manufacturer's protocol. The following modifications were made to optimize the procedure for hippocampal tissue. Tissue was homogenized with twice the amount of the different buffers indicated. DNA shearing was performed using the Bioruptor (Diagenode) with the following settings (25 min, High, 30 s ON, 30 s OFF). Sheared chromatin samples were incubated for 60 min with 4 l of antibody. Subsequently, the antibody-antigen complex was further incubated with preblocked beads and an extra 500 l of ChIP buffer for 60 min. Afterward, the beads were washed twice instead of the single wash step stated in the protocol. Precipitated DNA was analyzed on a Bioanalyzer (Agilent). Antibodies used for ChIP were as follows: HDAC1 and H3K9me3 from Diagenode; Sir2 from Millipore, KMT1A/SUV39H1, HDAC2, and HDAC3 from Abcam; mSin3b from Santa Cruz Biotechnology.
Quantitative real-time PCR. Total RNA was isolated using TRI reagent (Sigma-Aldrich) according to the manufacturer's instructions. Quantitative real-time PCR (qPCR) was performed using a Roche LightCycler 480. cDNA was generated using the Transcriptor High Fidelity cDNA Synthesis Kit (Roche) and qPCR for c-Fos and Egr-2 genes was performed using the Roche Universal Probe Library (UPL). Data were normalized to the housekeeping gene hypoxanthine phosphoribosyltransferase (Hprt) or the corresponding input in the case of ChIP experiments. For the ChIP experiments, qPCR for specific genomic DNA was performed using the SYBR Green ⌱ Master Kit (Roche). The primers designed for c-Fos and Egr-2 promoters are shown in Table 1 .
Statistical analysis. The data were analyzed by unpaired Student's t test and one-or two-way ANOVA, including repeated measurements whenever appropriate. Errors are displayed as SEM.
Results

AAV-mediated overexpression of HDAC1 in the hippocampus
In line with previous data (Broide et al., 2007) , we observed robust HDAC1 expression in the adult brain. Immunoblot and immunohistochemical analysis revealed that HDAC1 is expressed at high levels in neuronal nuclei of mouse hippocampal neurons. Since our study is focused on the hippocampus, using mice as model organisms, we wondered whether significant levels of HDAC1 are found in the human hippocampus. Immunoblot data revealed that high levels of HDAC1 are found in the human hippocampus ( Fig. 1) .
We hypothesized that an acute overexpression of HDAC1 in the adult brain may help to better understand the role of elevated HDAC1 expression observed in various pathological conditions (Benes et al., 2007; Sharma et al., 2008; Quinti et al., 2010; Wang et al., 2011) . To address this question, we used a virus-mediated gene transduction method that allowed us to overexpress HDAC1 in hippocampal neurons of adult mice. We generated adeno-associated viruses that express HDAC1 fused with GFP (AAV-HDAC1-GFP) or GFP alone (AAV-GFP) under the neuron-specific synapsin 1 promoter (Kügler et al., 2003) . AAV- 
HDAC-GFP and AAV-GFP particles were injected into the dorsal hippocampus of mice and the corresponding expression was analyzed either 6 or 14 d later (Fig. 2 A) . qPCR analysis displayed a significant increase of Hdac1 mRNA 14 d after injection (Fig.  2 B) . Overexpression of HDAC1 did not alter levels of other class I HDACs (Fig. 2C ). Administration of AAV-HDAC1-GFP resulted in a twofold increase of hippocampal HDAC1 protein when measured 2 weeks after injection (Fig. 2 D) . HDAC1-GFP was localized to neuronal nuclei within the dorsal hippocampus ( Fig. 2 E) , whereas ventral hippocampus was not affected by AAV-HDAC1-GFP injection in the dorsal hippocampus. Other class I HDACs were not affected by HDAC1 overexpression (Fig.  2 F) . Thus, we concluded that our virus expression system can be used to achieve spatially restricted HDAC1 overexpression in the adult hippocampus of mice.
Cognitive function in AAV-HDAC1-GFP-injected mice
To investigate the impact of elevated hippocampal HDAC1 levels on cognitive function, we injected mice with AAV-HDAC1-GFP or AAV-GFP into the dorsal hippocampus. Two weeks later, we subjected these groups to behavior paradigms that allowed us to assess cognitive function relevant for neuropsychiatric diseases.
Activity in the open field test was similar among groups, indicating that explorative behavior in a novel context was unaffected by elevated hippocampal HDAC1 levels (Fig. 3A) . In addition, the time spent in the center of the open field, an indicator of basal anxiety, was similar among groups (Fig. 3B ). When the same mice were subjected to the Porsolt forced swim test, a commonly used paradigm to test depressive-like behavior in rodents, no difference was observed (Fig. 3C ). An additional group of mice was used to analyze working memory using the cross-maze ( 3D) and the novel object recognition test (Fig. 3E) ; again, no difference among the AAV-HDAC1-GFP and AVV-GFP groups was observed. The consolidation of long-term memories was analyzed via three different behavior tests. No differences among groups were observed in the novel object recognition (Fig. 3F ) , the contextual fear conditioning (Fig. 3G ), or the Morris water maze paradigms (Fig. 3H ) , which all depend on proper function of the hippocampus. We used additional mice to investigate PPI of the startle response, a specific form of sensory motor gating that is impaired in mouse models for schizophrenia (SZ) and in SZ patients (Amann et al., 2010) . Interestingly, PPI measured at moderate prepulse intensities was significantly increased in AAV-HDAC1-GFP-injected mice compared with the AAV-GFP group (Fig. 3I ) , while no significant difference in the startle response itself was observed between groups (Fig. 3J ) . Immunohistochemical analysis of the NeuN and MAP2 proteins, two well established markers for neuronal integrity , revealed no obvious differences among groups (data not shown).
In summary, our data show that virus-mediated neuronal overexpression of HDAC1-GFP in the dorsal hippocampus of adult mice did not lead to an obvious detrimental behavioral phenotype.
Overexpression of HDAC1 enhances fear extinction learning
Recent data suggested that differential regulation of hippocampal histone acetylation not only is required for the acquisition of novel memory traces but may also play an important role for the extinction of fear memories (Bredy et al., 2007; Lattal et al., 2007) . The role of specific HDACs in fear extinction has so far not been investigated. Fear extinction is a specific form of learning and represents an important mechanism to inhibit excess fear, which is typically achieved via repeated reexposure to the fear-eliciting stimulus in the absence of the aversive event (Bouton, 2004; Myers and Davis, 2007) . In the laboratory, hippocampus-dependent fear extinction can be studied in rodents by using the contextual fear conditioning paradigm (Fischer and Tsai, 2008) . Here, single exposure of rodents to a novel context followed by an electric footshock elicits the acquisition of hippocampus-dependent fear memory that is measured as the amount of aversive freezing behavior. During extinction training, animals are reexposed to the conditioned context on subsequent days without receiving the footshock again (extinction trial, E), which eventually results in the decline of the freezing response (Fischer et al., 2004; Sananbenesi et al., 2007; Fischer and Tsai, 2008; Tronson et al., 2009 ). Thus, we decided to test whether elevated HDAC1 levels would affect contextual fear extinction. Our virus-mediated approach allowed us to design an experiment in which HDAC1-GFP is overexpressed specifically during fear extinction without affecting the process of memory consolidation. To this end, mice were subjected to fear conditioning 4 d after AAV-HDAC1-GFP injection, followed by exposure to E1 24 h later. A control group was injected with AAV-GFP. As such, the acquisition of fear memories occurred in the absence of HDAC1 overexpression ( Fig. 4A ; see also Fig. 2) . All groups showed similar freezing levels during E1 (Fig. 4B) . After another 8 d, when HDAC1-GFP was strongly expressed (Fig. 2 ), mice were subjected to extinction training on subsequent days (E2-E5) (Fig. 4B) . Notably, fear extinction was significantly facilitated in the AAV-HDAC1-GFP group ( Fig. 4B ; *p Ͻ 0.05, **p Ͻ 0.01 for day comparison; repeated measurements p ϭ 0.001, F ϭ 12,78), suggesting that HDAC1 regulates the extinction of contextual fear memories.
Inhibition of HDAC1 impairs fear extinction
To further investigate the involvement of hippocampal HDAC1 during fear extinction, microcannulae were implanted into the hippocampus of mice. After recovering from surgery, mice were subjected to fear conditioning followed by extinction training. Immediately after each extinction trial, mice were injected with MS-275, an HDAC inhibitor that inhibits HDAC1 in nanomolar concentrations, has a 100-fold higher EC 50 toward HDAC2/HDAC3, and has no activity toward the other HDACs (Hu et al., 2003; Khan et al., 2008) . Mice that received vehicle solution served as a control group (Fig. 4 B) . While freezing behavior within the vehicle group declined throughout extinction training ( p Ͻ 0.005 for E1 vs E6), MS-275-injected mice showed elevated freezing throughout extinction trials (Fig.  4 B ; p ϭ 0.0038, F ϭ 9,435; *p Ͻ 0.05 MS-275 vs vehicle on days). Notably, the same dose of MS-275 did not affect the acquisition of fear memories (Fig. 4C) . To further confirm that inhibition of HDAC1 affects fear extinction, we used a siRNA approach to knock down hippocampal HDAC1 using a validated siRNA targeting HDAC1 (Liu et al., 2010) to affect hippocampal HDAC1 levels. Mice were fear conditioned and subjected to E1 24 h later. Within the next 48 h, mice were injected with HDAC1 siRNA for 4 times every 12 h before exposure to E2. Injection of siRNA was continued after exposure to extinction trials 3-5, which were performed on consecutive days (Fig. 4 D) . Mice that received a scrambled control RNA served as control group. Fear extinction was significantly impaired in HDAC1 siRNA-treated mice (Fig. 4 D) , which correlated with the reduction of hippocampal Hdac1 mRNA and HDAC1 protein levels in siRNA-treated mice (Fig. 4 E) . In conclusion, our results show that virus-mediated overexpression of HDAC1 enhances, while intrahippocampal injection of MS-275 and hippocampal knockdown of HDAC1 impairs, fear extinction. These findings suggest a specific role of HDAC1 for the extinction of contextual fear memories.
HDAC1-mediated transcriptional repression during fear extinction learning
Taking into account that HDAC1 activity is associated with genesilencing (Gregoretti et al., 2004; Fischer et al., 2010) , we hypothesized that HDAC1 may affect fear extinction via mechanisms that involve transcriptional repression. HDAC1 activity has been implicated in the regulation of the expression of c-Fos (Yang et al., 2001; Usenko et al., 2003; Renthal et al., 2008) , an immediate early gene that is transiently upregulated after contextual fear conditioning (Radulovic et al., 1998; Peleg et al., 2010) and whose protein levels are reduced after extinction training (Tronson et F ϭ 12,78) . B, Top, Experimental design. Bottom, When compared with the vehicle group (n ϭ 21), intrahippocampal injection of MS-275 (n ϭ 21) immediately after each extinction trial impaired fear extinction (*p Ͻ 0.05 for day comparison; repeated measurements p ϭ 0.0038, F ϭ 9,435). C, Intrahippocampal injection of MS-275 does not affect the consolidation of contextual fear memories. Microcannulae were implanted into the hippocampus of mice (n ϭ 7/group). After recovery all animals were subjected to contextual fear conditioning. Immediately after the training mice were injected with the same concentration of MS-275 that was used for fear extinction experiments fear memory was analyzed 24 h later. Notably, freezing behavior during the memory test was similar between MS-275 and vehicle-injected mice. D, Left, Experimental design. Right, When compared with the control group that received a scrambled control RNA (n ϭ 6), intrahippocampal injection of HDAC1 siRNA (n ϭ 6 ) impaired fear extinction (*p Ͻ 0.05, **p Ͻ 0.001 for day comparison; repeated measurements p ϭ 0.0001, F ϭ 21,89). E, HDAC1 siRNAtreated mice display significantly reduced hippocampal levels of Hdac1 mRNA and HDAC1 protein, measured via qPCR and quantitative immunoblot respectively (n ϭ 5/group)**p Ͻ 0.001 vs scrambled RNA). Error bars indicate SEM.
al., 2009
). Thus, we hypothesized that monitoring transcriptional regulation of c-Fos during fear extinction could be a suitable tool to explore the mechanisms by which HDAC1 affects the extinction of fear memories.
To test this possibility, mice were subjected to our fear extinction paradigm. All mice displayed high freezing behavior on E1 (Fig. 5A) . The freezing response progressively declined throughout extinction training (Fig. 5A) . From the same group of animals we randomly selected mice to isolate hippocampal tissue 1 h after each extinction trial. All data were normalized to naive animals that did not undergo fear extinction. Robust c-Fos expression was observed after exposure to E1 but progressively declined throughout fear extinction training (Fig. 5B) . Having established that c-Fos is downregulated during the course of fear extinction training, we used ChIP assays to analyze HDAC1 protein binding at the c-Fos promoter region during extinction. Mice were subjected to fear extinction training and hippocampal tissue was isolated 1 h after exposure to E1, E3, or E5. Interestingly, ChIP analysis shows that HDAC1 levels at the c-fos promoter were significantly increased 1 h after E5 when compared with E1 or E3 (Fig. 5C ). This effect was not due to altered HDAC1 protein or mRNA levels, since no difference was observed when comparing hippocampal lysates prepared 1 h after E1 and E5 (Fig.  5D ). These data indicate that recruitment of HDAC1 may mediate the repression of c-Fos during fear extinction. No difference among E1 and E5 was observed for the class I HDACs HDAC2 and HDAC3 (Fig. 5E) .
However, the possibility remains that the observed decrease of c-Fos expression and HDAC1 recruitment to the corresponding promoter simply reflects the passing of time and thus would not be suitable to study the specific actions of HDAC1 during fear extinction training.
To test this possibility, mice were subjected to contextual fear conditioning followed by E1 exposure. Subsequently, animals were divided into two groups. One group of mice was subjected to extinction training on 4 consecutive days (E1-E5 group), while the other group of mice was exposed to E2 3 d after E1 exposure (E1-3 d group) . Notably, in contrast to the E1-E5 group, freezing behavior in the E1-3 d group did not decline (Fig. 5F ). These data confirm that in our experimental setting, the extinction of fear memories critically depends on the daily exposure to extinction training. We used the same experimental setting to analyze hippocampal c-Fos expression by qPCR 1 h after exposure to E1, E2 in the E1-3 d group and E5 in the E1-E5 group. While c-Fos expression decreased in the E1-E5 group when compared with E1, no such effect was observed in the E1-3 d group (Fig. 5G ). These data demonstrate that downregulation of c-Fos during fear extinction training reflects an active process that is likely to involve transcriptional repression. Next, we used the same experimental setting to analyze HDAC1 levels at the c-Fos promoter. When compared with E1 exposure, HDAC1 levels at the c-Fos promoter were significantly increased 1 h after E5 in the E1-E5 group. In contrast, the levels of HDAC1 at the c-Fos promoter were indistinguishable among the E1 group and the E1-3 d group (Fig. 5H ) .
In conclusion, these data show that the analysis of c-Fos expression 1 h after E1 compared with E5 can serve as a model to investigate the molecular mechanisms by which HDAC1 affects gene expression during fear extinction.
Thus, we used ChIP analysis to compare histone modifications at the c-Fos promoter 1 h after E1 and E5 exposure. Mice were subjected to fear extinction training and hippocampal lysates were prepared 1 h after E1 and E5 exposure (Fig. 6 A) . In line with our previous observation, HDAC1 levels at the c-Fos promoter were higher in the E5 when compared with the E1 group (Fig. 6 B) . The same samples were used to analyze the levels of histone modifications via ChIP analysis. H3K9 acetylation, a histone modification linked to active gene expression and HDAC1 activity Peleg et al., 2010) , was significantly decreased at the c-Fos promoter in the E5 group when compared with the E1 group (Fig. 6C) . Conversely, the levels of H3K9 trimethylation, a mark for inactive chromatin, were elevated (Fig.  6C) . Other histone modifications such as H3K14 or H4K5 acetylation were not altered among groups (Fig. 6C) . These data suggest that HDAC1 is recruited to the c-Fos promoter during fear extinction, where it contributes to the deacetylation of H3K9, which led subsequently to H3K9 trimethylation. One of the key enzymes that mediates H3K9 methylation is the histone methyltransferase suppressor of variegation 3-9 homolog (SUV39H1) (Krauss, 2008) , which is activated via deacetylation by silent mating type information regulation 2 homolog (SIRT1) (Vaquero et al., 2007) and regulates heterochromatin formation resulting in gene-silencing (Schotta et al., 2003) . Notably, SUV39H1 is known to interact with HDAC1 (Vaute et al., 2002) Therefore, we decided to investigate the levels of mSIN3B, SUV39H1, and SIRT1 at the c-Fos promoters during fear extinction via ChIP analysis. Similar to our findings for HDAC1, we observed a significant upregulation of mSIN3B, SUV39H1, and SIRT1 levels at the c-Fos promoter 1 h after E5 exposure when compared with E1 (Fig. 6 D) .
In conclusion, these data suggest that HDAC1 deacetylates H3K9 at the c-Fos promoter during fear extinction, which allows for H3K9 trimethylation, leading to repression of the c-Fos gene.
To test directly whether HDAC1 activity regulates H3K9 modification at the c-Fos promoter and c-Fos expression during fear extinction, we assessed chromatin modifications and c-Fos gene expression during extinction training in mice that either overexpress HDAC1-GFP or received intrahippocampal injection of the HDAC inhibitor MS-275.
First we used the virus expression system to overexpress HDAC1. Mice were injected with AAV-HDAC1-GFP particles and subjected to fear conditioning 4 d later. Mice injected with AAV-GFP served as the control group (Fig. 7A) . All mice showed robust, but indistinguishable freezing behavior during a memory test performed 24 h later (Fig. 7B) . Eight days later, when AAV-HDAC1-GFP was strongly expressed, mice were subjected to fear extinction training (Fig. 7 A, B) . Hippocampal tissue was isolated 1 h after exposure to E3. We chose the E3 rather than the E5 time point, since freezing behavior was already significantly reduced in the HDAC1-AAV-GFP mice when compared with the AAV-GFP group (Fig. 7B) . Notably, H3K9 acetylation at the c-Fos promoter was significantly reduced in AAV-HDAC1-GFP-injected mice when compared with the GFP-control group (Fig. 7C) . Conversely, H3K9me3 levels were strongly increased (Fig. 7C) . In line with these data, we detected increased levels of HDAC1, mSin3b, SUV39H1, and SIRT at the c-Fos promoter in the AAV-HDAC1-GFP group (Fig. 7C) . Moreover c-Fos gene expression was significantly lower in AVV-HDAC1-GFP-injected mice when compared with the AAV-GFP group (Fig. 7D) . These data further confirm that our HDAC1-GFP fusion protein is functional in vivo and suggests that HDAC1 regulates H3K9 acetylation at the c-Fos promoter during fear extinction.
In the converse experiment, microcannulae were implanted into the hippocampus of mice. After recovery, animals were subjected to our fear extinction paradigm and injected with MS-275 or vehicle immediately after each extinction trial (Fig. 8 A) . In line with our previous observation, MS-275-injected mice displayed impaired fear extinction when compared with the vehicle group AAV-HDAC1-GFP and AAV-GFP-injected mice (n ϭ 10/group). However, AAV-HDAC1-GFP-injected mice displayed significantly reduced fear extinction upon E2 and E3 exposure indicating facilitated fear extinction (**p Ͻ 0.01, ***p Ͻ 0.0001 vs AAV-GFP). Hippocampus was isolated and prepared for molecular analysis 1 h after E3 exposure (n ϭ 10/group). C, ChIP analysis of the c-Fos promoter in AAV-HDAC1-GFP and AAV-GFP-injected mice. *p Ͻ 0.05 vs AAV-GFP). D, qPCR shows decreased hippocampal c-Fos levels in the AAV-HDAC1-GFP group. *p Ͻ 0.05 vs AAV-GFP. Error bars indicate SEM. (Fig. 8 A) . Hippocampal tissue was isolated 1 h after E5 from vehicle-and MS-275-injected mice and used for qPCR analysis. Using ChIP analysis, we observed higher levels of H3K9 acetylation and decreased H3K9 trimethylation levels in the MS-275 group when compared with vehicle-treated mice (Fig. 8 B) . Those changes in H3 modification correlated with increased hippocampal c-Fos mRNA levels in MS-275-injected mice (Fig. 8C) . Similar results were obtained when hippocampal HDAC1 level were reduced via administration of HDAC1 siRNA. Hippocampal tissue from the mice used in the behavior experiment shown in Figure 4 D and killed 1 h after E5 were used for molecular analysis. As shown in Figure 4 E, HDAC1 siRNA-treated mice display significantly reduced HDAC1 protein levels. Consistently, ChIP analysis revealed less HDAC1 at the c-Fos promoter in HDAC1 siRNA-treated mice when compared with animals injected with the scrambled control RNA (Fig. 8 D) . In line with these data, ChIP analysis revealed that HDAC1 siRNA-treated mice show increased levels of H3K9 acetylation and decreased H3K9me3 at the c-Fos promoter (Fig. 8 E) , which correlated with increased expression of the c-Fos gene (Fig.  8 F) . In conclusion, these data suggest that HDAC1-dependent epigenetic gene expression contributes to the extinction of contextual fear memories.
Discussion
Overexpression of hippocampal HDAC1
To further understand the role of elevated HDAC1 levels that have been observed in various brain diseases (Benes et al., 2007; Sharma et al., 2008; Quinti et al., 2010; Wang et al., 2011) , we generated AAV-HDAC1-GFP particles that resulted in a twofold increase of neuronal and nuclear HDAC1 levels when injected into the dorsal hippocampus of mice, while other class I HDACs were unaffected. Whether HDAC1 regulates class II HDACs remains to be investigated. We choose the hippocampus since this brain region is essential for memory function, which is impaired in various neuropsychiatric diseases. Interestingly, we found that explorative and depressive-like behavior was not affected by virus-mediated overexpression of HDAC1. We also did not observe any effect on working and short-term memory in the cross-maze and novel object recognition paradigms. Moreover, hippocampus-dependent long-term memory that was measured using three different tests did not reveal any changes in AAV-HDAC1-GFP-injected mice when compared with the AAV-GFP control. This finding is in line with previous data showing that neuronal overexpression of HDAC1 throughout development does not affect memory consolidation in the fear conditioning and water maze paradigm in adult mice (Guan et al., 2009) . The fact that increased hippocampal HDAC1 levels did not affect behavior in any of the cognitive tests analyzed was nevertheless surprising, since we had hypothesized that acute overexpression of HDAC1 in the adult hippocampus may more closely resemble the situation observed in patients, especially since acute overexpression of HDAC1 did not affect the expression of other hippocampal class I HDACs. Interestingly, a small but significant difference in the PPI of the startle response was observed. PPI, which is often impaired in schizophrenia patients and in animal models for schizophrenia-like behavior, was increased in AAV-HDAC1-GFP-treated mice at 70 dB sound intensity. Overexpression of HDAC1 did not lead to any obvious morphological changes within the hippocampus. In conclusion, our data show that elevation of HDAC1 protein levels in the mouse hippocampal neurons did not lead to obvious detrimental phenotypes.
Hippocampal HDAC1 regulates fear extinction
In our experimental setting, we were unable to detect changes in short-or long-term memory acquisition in response to HDAC1 overexpression, which does not rule out the possibility that under physiological conditions HDAC1 may serve a rather specific role in cognitive function. Thus, we decided to investigate fear extinction learning, a specific form of emotional memory that is also affected in patients suffering from schizophrenia (Holt et al., 2009) . While fear is a physiological response to threatening stimuli, excessive fear is the basis of anxiety diseases, and therapeutic approaches often involve fear extinction learning (Bouton, 2004; Delamater, 2004; Myers and Davis, 2007; Fischer and Tsai, 2008) . Recent studies implicated fear extinction with histone acetylation. It was shown that systemic or intrahippocampal administration of HDAC inhibitors such as sodium butyrate, valproate, or trichostatin A (TSA) facilitates fear extinction in mice (Bredy et al., 2007; Lattal et al., 2007; Bredy and Barad, 2008) . A role for individual HDAC proteins during fear extinction has so far not been described. We observed that mice that overexpress HDAC1 in the hippocampus exhibit facilitated extinction of contextual fear memories. Conversely, intrahippocampal injection of MS-275, a class I HDAC inhibitor with selectivity toward HDAC1 (Hu et al., 2003; Khan et al., 2008) , inhibited the extinction of contextual fear in mice. Similar data were observed when HDAC1 levels were decreased using siRNA. The effect of MS-275 was specific to fear extinction since single intrahippocampal injection of MS-275 immediately after fear conditioning did not affect freezing behavior during a memory test performed 24 h later. In conclusion, these data suggest that HDAC1 activity is required for fear extinction. That administration of the HDAC inhibitor TSA facilitates fear extinction (Lattal et al., 2007) could be explained by the fact that TSA is rather unselective and inhibits all HDAC proteins. Therefore, HDACs other than HDAC1 might act as negative regulators of fear extinction. Likely candidates would be HDAC2 (Guan et al., 2009) and HDAC3 (McQuown et al., 2011) , which act as negative constraints of memory function. In contrast, the administration of TSA to neuronal cells was shown to increase the expression of HDAC1 (Ajamian et al., 2004) , which provides another possible explanation why the pan-HDAC inhibitor TSA facilitates fear extinction. Future studies that specifically address the role of HDAC2-11 during fear extinction will be necessary to clarify this issue.
The finding that HDAC1 affects contextual fear extinction allowed us to use this experimental paradigm to investigate in more detail the molecular mechanisms by which HDAC1 modulates cognitive function.
Transcriptional repression during fear extinction
Since HDAC1 activity is generally linked to gene repression, we hypothesized that HDAC1-mediated gene silencing may play a role during the extinction of contextual fear memories. Previous data showed that hippocampal c-FOS levels are elevated after exposure to E1 but gradually decrease throughout extinction training (Tronson et al., 2009) . In line with these data, we found that in our fear extinction paradigm, hippocampal expression of the c-Fos gene gradually declines throughout extinction training when measured 1 h after exposure to each extinction trial. We show that the repression of c-Fos is not simply due to the passing of time but is specific for extinction training. Therefore, we decided to monitor epigenetic changes at the c-Fos promoter to investigate a role of HDAC1 during fear extinction learning. We found that reduced c-Fos expression upon E5 exposure correlated with increased HDAC1 levels at the c-Fos promoter region. Increased HDAC1 promoter binding at the c-Fos gene was accompanied by decreased H3K9 acetylation, a chromatin mark that is generally associated with active gene expression (Kouzarides, 2007) . Other histone modifications such as H3K14 or H4K5 acetylation were not affected. However, we observed that the fear extinction-dependent decrease of H3K9 acetylation at the c-Fos promoter was associated with elevated trimethylation of H3K9, a histone modification that marks inactive chromatin. These data indicate that during fear extinction, HDAC1 is recruited to the c-Fos promoter where it deacetylates H3K9, leading to subsequent H3K9 trimethylation. A major H3K9 methyltransferase is SUV39H1, which is activated via deacetylation by SIRT1 (Murayama et al., 2008) and was shown to regulate neuronal H3K9 methylation in response to environmental stimuli (Renthal et al., 2008) . Indeed, we found that those enzymes along with HDAC1 and the corepressor mSIN3B are recruited to the c-Fos promoter upon E5 exposure. As such, it is likely that HDAC1 initially deacetylates H3K9 and that subsequently, SUV39H1, which may be coactivated via SIRT1, promotes H3K9 methylation, leading to gene repression. Direct support for this interpretation stems from our finding that mice that overexpress hippocampal HDAC1 display reduced H3K9ac and increased H3K9me3 at the c-Fos promoter. Indeed, elevated HDAC1 levels at the c-Fos promoter also resulted in significantly increased levels of mSIN3B, SUV39H1, and SIRT1. As such, HDAC1 recruitment to the c-Fos promoter seems to be sufficient to establish a chromatinsilencing complex that represses c-Fos expression during fear extinction. Consequently, inhibition of HDAC1 activity by MS-275 resulted in increased H3K9 acetylation and decreased H3K9 trimethylation at the c-Fos promoter which correlated with elevated c-Fos expression. A particular role for HDAC1 in the regulation of H3K9 is supported by recent studies. To this end, intrahippocampal injection of MS-275 increased H3K9 but not H4K12 acetylation (Peleg et al., 2010) . Similarly, systemic administration of MS-275 to rats increased hippocampal H3 but not H4 acetylation (Simonini et al., 2006) . Moreover, upon ethanol withdrawal, regulation of the nmda receptor subunit 2b (nr2b) gene has been linked to changes in H3K9 acetylation involving HDAC1 activity and subsequent H3K9 methylation mediated via SUV39H1 (Qiang et al., 2011) . A similar effect was seen in the zebrafish while knockdown of Hdac1 eventually led to an upregulation of H3K9 methylation (Harrison et al., 2011) .
In conclusion, our data suggest a scenario in which successful fear extinction requires HDAC1 activity to repress the activation of c-Fos via decreased H3K9 acetylation. This allows subsequent H3K9 trimethylation leading to an inactive chromatin state. A similar role of HDAC1-mediated c-Fos expression has been observed in the striatum in response to chronic amphetamine exposure. Here amphetamine treatment recruited HDAC1 to the c-Fos promoter where it initiated gene-silencing via deacetylation of H3 that subsequently led to increased H3K9 dimethylation (Renthal et al., 2008) .
It is important to note that we used c-Fos expression as a molecular tool to elucidate the mechanism by which HDAC1 affects fear extinction learning. It is likely that HDAC1 may reg- Figure 9 . Fear extinction-dependent recruitment of HDAC1 to the Egr-2 promoter. Fear extinction training (see Fig. 5A ) was performed in the mice (n ϭ 40) that were used for the molecular analysis in A and B. A, Egr-2 expression was analyzed via qPCR in hippocampal tissue isolated 1 h after exposure to extinction trials. The data are normalized to tissue obtained from a naive control group. B, HDAC1 ChIP was performed from hippocampal tissue 1 h after exposure to E1, E3, and E5. Note that the downregulation of Egr-2 correlates with recruitment of HDAC1 to the Egr-2 promoter. C, We used the same samples described in Figure 5D to analyze Egr-2 expression and HDAC1 recruitment to the Egr-2 promoter in the E1, the E1-3 d, and the E1-E5 group. We would like to reiterate that freezing behavior in the E1-3 d group was significantly higher when compared with the E1-E5 group. Egr-2 expression was measured 1 h after extinction trials. Egr-2 levels were significantly higher in the E1-3 d group when compared with E1-E5 group. (*p Ͻ 0.05 vs E1 and E1-3 d). D, HDAC1 ChIP was performed from hippocampal tissue 1 h after exposure to extinction trial in the E1, E1-3 d, and E1-E5 groups. Note that the increased Egr-2 expression in the E1-3 d group correlates with reduced HDAC1 level at the Egr-2 promoter. *p Ͻ 0.05 vs E1 and E1-3 d. Error bars indicate SEM.
ulate the repression of immediate early genes during the course of extinction learning. In a recent study we performed an unbiased gene array to identify hippocampal genes that are differentially regulated during fear extinction. In line with the data presented in this study, we observed decreased c-Fos expression during extinction training . A similar pattern was observed for another immediate early gene, early growth response 2 (Egr-2) . Interestingly, we found that similar to c-Fos, Egr-2 expression is regulated during fear extinction training in an HDAC1-dependent manner that involved decreased H3K9 acetylation and increased H3K9 trimethylation at the Egr-2 promoter (Fig. 9) . Interestingly, levels of HDAC2, another class I HDAC that acts often in concert with HDAC1, did not change during the course of fear extinction at the c-Fos and Egr-2 promoter (data not shown). While these data suggest that during fear extinction HDAC1 activity plays a specific role in gene repression, further experiments will be necessary to unravel the precise genetic network that is affected by HDAC1. Moreover, we cannot exclude that the effect of HDAC1 on fear extinction learning is in part due to the action of HDAC1 on non-histone proteins.
In summary, our data show that HDAC1 is critical for the extinction of contextual fear memories and may provide a novel therapeutic avenue to treat anxiety diseases.
